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VEHICLE  USEFUL  LIFE  STUDY  FOR  TRUCK,  1/4  TON,  4X4,  M151A1/A2 


1 . EXECUTIVE  SUMMARY 

1.1  Problem 


To  determine  the  age  (mileage)  at  which  it  becomes  economical  to 
replace  the  M151A1/A2  1/4  ton  truck  with  a new  one.  It  is  assumed  that  the 
most  economical  replacement  point  is  the  age  at  which  the  cost  per  mile  is 
a minimum. 

1 . 2 Approach 

The  useful  life  of  the  M151A1/A2  1/4  ton  truck  has  been  assessed 
by  first  establishing  a cumulative  average  system  cost  as  a function  of 
mileage.  An  evaluation  was  then  made  of  variation  in  RAM  performance 
characteristics  with  mileage.  The  useful  life  is  taken  to  be  the  age  at 
which  the  cost  function  is  minimized  without  significant  degradation  of  RAM 
performance. 

1.3  Discussion 


The  study  was  based  on  the  performance  of  8,345  M151A1  1/4  ton 
utility  trucks  reported  in  the  Army  Integrated  Equipment  Record  Maintenance 
Management  System  (TAERS)  and  on  the  performance  of  1,348  M151A1  and  385 
M151A2  1/4  ton  utility  trucks  reported  in  the  Sample  Data  Collection  (SDC) 
system.  Prior  to  use  of  these  performance  histories,  all  vehicle  histories 
were  screened  such  that  only  data  from  vehicles  with  continuous  consistent 
histories  were  utilized  in  the  study.  The  10,078  vehicles  contained  in  the 
study  had  histories  varying  up  to  72,000  miles  of  usage. 

1.4  Conclusion 


With  the  data  limited  to  72,000  miles,  it  is  not  possible  to  provide 
a meaningful  estimate  of  the  age  at  which  the  average  system  cost  is  minimized. 
However,  the  average  cost  is  demonstrated  to  be  decreasing  over  a 72,000  mile 
life  and  RAM  parameters  are  shown  to  remain  at  acceptable  levels  throughout 
this  period.  It  is  therefore  concluded  that  the  useful  life  of  the  M151A1/A2 
may  be  safely  extended  to  72,000  miles  or  12  years  (based  on  6,000  miles  per 
year  usage) . 

1.5  Recommendations 

It  is  recommended  that  (1)  the  life  of  the  M151A1/A2  1/4  ton  truck 
be  extended  from  8 to  12  years  and  (2)  a mileage  life  for  this  truck  be 
established  at  72,000  miles. 
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2.  INTRODUCTION 

In  a move  by  the  Department  of  Army  (DA)  to  reassess  the  useful  life 
of  the  tactical  wheeled  vehicle  fleet,  the  Army  Materiel  Systems  Analysis 
Activity  (AMSAA)  was  tasked  by  the  Army  Materiel  Development  and  Readiness 
Command  (DARCOM)  Plans  and  Analysis  Directorate  to  conduct  a Vehicle 
Useful  Life  Study  which  would  have  the  following  primary  objectives. 

a.  Determine  the  age  (mileage)  at  which  it  becomes  economical  to 
replace  each  of  the  four  major  payload  tactical  wheeled  vehicles  (1/4, 

1 1/4,  2 1/2  and  5 ton  vehicles). 

b.  Determine  the  economics  of  overhauling  wheeled  vehicles  and  the 
remaining  life  after  overhaul. 

This  report  which  is  the  third  report  pertaining  to  these  objectives 
(see  AMSAA  TM  No.  164  and  TR  No.  128  for  the  useful  life  determination 
of  the  2 1/2  and  5 ton  trucks,  respectively)  will  address  the  determina- 
tion of  the  useful  life  of  the  1/4  ton  truck. 

3.  DATA  SOURCES 

The  data  sources  being  utilized  in  this  study  consist  of  two  separate 
Army  data  collection  systems;  (a)  The  Army  Integrated  Equipment  Record 
Maintenance  Management  System  (TAERS)  and  (b)  Sample  Data  Collection 
(SDC).  The  TAERS  data  collection  system  for  vehicles  was  instituted  by 
the  Army  in  1963  and  was  designed  to  collect  detailed  maintenance 
information  on  all  vehicles  in  the  U S Army  fleet.  This  data  collection 
system,  however,  was  terminated  in  December  1969.  The  SDC  program  for 
vehicles  was  initiated  in  1972  and  was  also  designed  to  collect  detailed 
maintenance  data,  but  only  for  a sample  portion  of  the  wheeled  vehicle 
fleet.  The  SDC  program  also  differs  from  TAERS  in  that  the  U S Army 
Tank-Automotive  Command  (TACOM)  technical  representatives  who  are  in 
the  field  will  monitor  the  data  collection  effort  in  order  to  insure 
that  there  is  more  complete  reporting  of  data  than  occurred  under  TAERS. 

In  utilizing  these  data  sources,  the  TAERS  data  can  only  be  used  to 
investigate  vehicle  replacement  life  for  new  vehicles  as  no  appreciable 
quantity  of  data  exists  in  TAERS  for  overhauled  vehicles.  Data  on  over- 
hauled trucks  are  being  collected  in  an  SDC  program  and  the  economics 
of  overhaul  will  be  determined  when  sufficient  data  become  available. 

Of  critical  concern  in  the  use  of  TAERS  data  for  analysis  purposes 
is  the  fact  that  many  of  the  vehicle  histories  contained  in  the  data 
bank  are  incomplete.  This  data  omission  problem  is  readily  evident  when 
vehicle  histories  are  observed  which  show,  for  example,  for  a truck 
produced  in  late  1965  only  one  maintenance  action  reported  in  the  time  frame 
1966  through  1969.  As  regularly  scheduled  maintenance  actions  (at 
least  semiannually)  should  have  occurred  with  this  vehicle  during  the 
1966  to  1969  interval  and  should  have  been  reported  (scheduled  as  well 
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as  unscheduled  maintenance  actions  are  supposed  to  have  been  reported  in 
the  TAERS  system),  this  truck  obviously  has  incomplete^data . Thus,  in  the 
use  of  TAERS  data,  it  is  important  that  incomplete  periods  of  vehicle 
histories  be  eliminated  from  consideration. 

The  method  used  by  AMSAA  to  distinguish  complete  from  incomplete 
periods  of  vehicle  histories  involved  the  TAERS  cuarterly  reporting 
system.  Under  TAERS,  a quarterly  report  of  any  maintenance  actions 
(scheduled  or  unscheduled)  occurring  within  the  quarter  was  required. 

Based  on  this  requirement,  the  trucks  that  were  selected  for  this  study 
had  to  meet  the  criterion  that  there  were  at  least  four  quarterly  reports 
in  a row  (one  year  of  continuous  data)  in  the  truck  history.  This  criterion, 
although  eliminating  from  consideration  such  vehicles  as  the  one  with  one 
maintenance  action  in  four  years,  as  well  as  vehicles  with  only  intermittent 
reporting,  did  not  entirely  resolve  the  data  omission  problem.  Although 
the  vehicles  selected  by  this  criterion  had  at  least  one  year  of  continuous 
data,  it  does  not  necessarily  imply  the  vehicle's  entire  history  was 
complete.  For  example,  a vehicle  delivered  to  the  Army  in  December  1965 
may  show  TAERS  reports  in  all  four  quarters  in  1966  and  the  first  three 
quarters  of  1967  and  subsequent  to  this  period  reports  are  indicated  only 
for  the  third  quarter  of  1968  and  the  first  and  third  quarter  of  1969. 

Thus,  after  the  third  quarter  of  1967  reporting  became  intermittent.  The 
mileage  noted  on  the  vehicle  during  the  first  report  in  1966  was  312  miles, 
with  the  mileage  in  the  third  quarter  of  1967  being  noted  as  8,465  miles 
and  the  final  mileage  of  14,325  being  noted  by  the  report  in  the  third 
quarter  of  1969.  If  the  missing  quarters  in  1968  and  1969  were  ignored, 
this  vehicle  history  would  be  assumed  to  be  complete  through  14,325  miles. 
However,  this  may  not  be  the  case  as  maintenance  actions  may  have  occurred 
in  the  missing  quarters  of  1968  and  1969.  Thus,  for  this  study,  only 
that  part  of  the  history  that  provided  continuous  reporting  was  used. 

In  the  above  example,  only  the  vehicle's  history  from  312  to  8,465  miles 
would  be  used.  The  screening  of  the  TAERS  vehicle  histories  according 
to  the  above  method,  it  is  pointed  out,  treats  the  data,  it  is  felt,  in 
a conservative  manner.  This  is  noted  in  the  above  example  where  the 
vehicle  history  was  terminated  at  8,465  miles,  a mileage  where  a known 
maintenance  action  occurred  rather  than  estimating  how  many  additional 
maintenance  free  miles  occurred  after  the  last  maintenance  action  and 
adding  this  mileage  or  some  portion  of  the  mileage  to  the  8,465  miles  for 
the  history  termination  mileage.  It  should  also  be  pointed  out  that  this 
vehicle  history  termination  technique  was  not  necessary  for  all  vehicles 
as  approximately  55  percent  of  the  vehicles  included  in  the  study  had 
continuous  histories. 

4.  VEHICLE  SAMPLE 

The  principal  data  used  in  this  study  were  obtained  from  TAERS  report- 
ing on  8,345  M151A1  1/4  Ton  Trucks  operated  from  1964  through  1969.  In 
addition,  data  from  over  1700  M151A1  and  M151A2  1/4  ton  vehicles  were 
collected  in  the  SDC  program  from  February  1972  to  January  1975  and  these 
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data  ware  used  to  supplement  the  TAERS  data  base  (see  section  11  for  a 
discussion  of  the  use  of  the  SDC  data).  A summary  of  the  trucks  obtained 
from  the  TAERS  data  base  by  theatre  of  operation  and  total  accumulated 
mileage  is  shown  below.  It  should  be  noted  that  the  maximum  mileage  for 
an  individual  1/4  ton  truck  that  was  used  in  the  study  was  72,000  miles. 

Table  4.1  Number  of  Vehicles  Included  in  Study  (TAERS  Data  Bank) 

M151A1  1/4  Ton  Utility  Truck 

Total  Mileage 
(Millions) 

66.1 
9.1 
9.0 

84.2 


Location 


No.  Vehicles 


5. 


CONUS 

EUROPE 

PACIFIC 

Total 

VEHICLE  DESCRIPTION 


6,615 
1 ,054 
676 


8,345 


The  M151A1/A2,  1/4  ton,  4x4,  utility  truck  is  a general  purpose 
personnel  or  cargo  carrier.  Including  the  driver,  it  provides  space 
for  four  men  with  equipment.  The  truck  is  designed  for  use  over  all 
types  of  roads  as  well  as  cross-country  terrain,  and  in  all  weather 
conditions.  The  truck  has  four  driving  wheels.  Front  wheel  drive  may 
be  engaged  as  road  conditions  and  terrain  conditions  require.  The 
vehicle  is  powered  by  a four-cylinder,  in-line,  liquid-cooled,  gasoline 
engine  located  forward  of  the  passenger  compartment  under  the  hood. 
Vehicles  have  four-wheel  hydraulic  service  brakes  and  a mechanical  hand- 
brake operates  with  a contracting  band  on  the  transmission-transfer 
brakedrum.  All  wheels  are  individually  suspended  on  coil  springs.  The 
body  is  of  unitized  construction  and  lifting  eyes  are  provided  at  the 
wheels  and  pintle  hooks  are  provided  at  the  rear  of  the  vehicle. 

The  M151A2  vehicle  differs  from  the  M151A1  vehicle  in  that  it  has  an 
improved  front  and  rear  suspension  system.  Other  features  of  the 
M151A2  truck  are  two-speed  electrical  wipers,  manually  operated  washers, 
a one-piece  windshield,  a mechanical  fuel  pump  and  integrated  exterior 
lighting  at  front  and  rear  of  vehicle. 

6.  USEFUL  LIFE  ASSESSMENT  METHODOLOGY 


The  economic  life  of  the  M151A1/A2  1/4  ton  truck  has  been  assessed 
by  determining  the  mileage  at  which  the  average  system  cost  per  mile 
(costs  associated  with  the  acquisition,  shipping  and  maintenance  of  the 
truck)  is  minimized  (economic  life).  In  addition,  an  evaluation  of 
of  the  vehicle's  Reliability,  Availability  and  Maintainability  (RAM) 
performance  characteristics  over  the  economic  life  span  has  been  made 
to  establish  if  the  vehicle's  useful  life  should  be  considered  less  than  the 
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vehicle's  economic  life  because  of  RAM  considerations.  This  may  be 
necessary,  for  example,  if  a truck  at  some  mileage  prior  to  the  economic 
life  mileage  began  having  frequent  breakdowns  due  to  a relatively  inexpen- 
sive part  failure.  This  type  of  breakdown  may  not  have  much  effect  on  the 
cost  analysis  but  may  result  in  a substantial  degradation  in  the  vehicle's 
reliability  prior  to  the  economic  life  mileage.  If,  however,  the  RAM 
parameters  do  not  appreciably  degrade  throughout  the  economic  life  of 
the  truck,  then  the  useful  life  would  be  equal  to  the  economic  life  of 
the  truck. 

7.  TAERS  DATA  ANALYSIS 

In  exercising  the  above  methodology,  the  procedure  employed  was  to 
analyze  the  maintenance  costs  (scheduled  and  unscheduled)  to  determine 
how  the  costs  were  changing  as  the  vehicle  increased  in  mileage.  This 
procedure  was  also  carried  out  for  the  analysis  of  the  RAM  characteristics. 

The  TAERS  data  provided  information  on  the  maintenance  actions  (both 
scheduled  and  unscheduled)  required  for  the  vehicles  as  the  vehicles 
increased  in  mileage.  In  particular,  for  each  maintenance  action,  the 
following  data  were  recorded:  date  action  occurred,  mileage  at  which 
action  occurred,  maintenance  level  (organization  or  support),  man-hours 
required,  failure  detection  code  (i.e.,  whether  the  action  was  detected 
in  normal  operation  of  the  vehicle,  during  an  inspection  or  during  a 
regularly  scheduled  maintenance  action),  remedial  action  taken  (repaired, 
replaced,  adjusted  or  is  simply  the  result  of  normal  services),  part  name 
and  Federal  Stock  Number,  and  quantity  of  parts  replaced. 

The  analysis  of  the  data  from  a cost  standpoint  utilized  the  parts' 
costs  contained  in  the  Army  Master  Data  File.  The  cost  information  is 
in  1975  dollars  and  was  supplied  to  AMSAA  by  the  US  Army  DARCOM  Catalog 
Data  Activity.  The  mean  labor  rate  used  in  this  study  was  $6.02  an  hour.  It 
is  noted  that  there  were  approximately  230,000  maintenance  actions  for 
the  8,345  vehicle  sample  and  about  half  of  these  were  parts  replacements. 

As  noted  earlier  in  this  report,  data  omission  presented  a serious 
problem  in  the  analysis  of  TAERS  data.  As  a result  of  this  problem, 
many  vehicle  histories  were  incomplete.  For  example,  the  vehicle  discussed 
earlier  was  considered  to  have  a complete  history  only  from  312  to  8465 
miles.  Other  vehicles  had  histories  beginning  and  ending  at  various 
different  mileages.  In  the  costing  of  the  maintenance  actions  by  mile- 
age, it  was  thus  necessary  to  be  aware  of  each  vehicle's  mileage  interval. 

The  costing  procedure  involved  determining  the  total  cost  (parts  and 
labor)  experienced  by  the  vehicles  for  each  100  mile  interval.  In  this 
compilation,  the  vehicle  with  a history  of  312  to  8465  miles  contributed 
only  to  the  cost  total  beginning  with  the  300  to  400  mile  interval  and 
ending  with  the  8400  to  8500  mile  interval.  Thus,  the  sample  size  for 
each  100  mile  interval  varied.  This  procedure,  as  mentioned  earlier, 
probably  conservatively  estimates  the  costs  sustained  since  the  vehicle 
which  is  noted  to  have  its  last  maintenance  action  at  8,465  miles 
probably  traveled  some  additional  miles  without  having  to  sustain  any 
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additional  maintenance  actions  but  in  the  procedure  employed  the  vehicle 
was  considered  to  contribute  to  the  cost  input  up  to  8500  miles  only. 

The  analysis  of  the  TAERS  data  from  a RAM  standpoint  presented  an 
additional  problem.  Normally  in  the  analysis  of  data  for  the  determination 
of  reliability  and  availability  estimates,  failure  data  is  required. 

However,  from  the  TAERS  data  it  is  extremely  difficult,  if  not  impossible, 
to  determine  for  all  unscheduled  maintenance  actions  which  actions  are 
reliability  failures.  As  a result  of  this  fact,  an  analysis  of  all 
unscheduled  maintenance  actions  was  undertaken  rather  than  the  usual  analysis 
of  failures.  Specifically,  the  analysis  consisted  of  three  phases,  all 
with  the  objective  of  determining  how  the  vehicle's  performance  was  chang- 
ing as  the  vehicle  increased  in  mileage:  (1)  unscheduled  maintenance 
action  analysis  - the  goal  of  this  analysis  was  to  determine  the  probability 
of  completing  75  miles  without  an  unscheduled  maintenance  action  (UMA) 
for  continually  increasing  mileages,  (2)  inherent  readiness  analysis  - 
the  goal  of  this  analysis  was  to  determine  as  a function  of  mileage,  the 
probability  that  the  vehicle  is  not  undergoing  active  repair  due  to  an 
unscheduled  maintenance  action  when  required  for  use  at  a random  point 
in  time,  and  (3)  maintainability  analysis  - this  analysis  consisted  of 
determining,  as  a function  of  mileage,  the  maintenance  support  index 
(MSI),  the  average  man-hours  required  per  vehicle  per  1000  miles  of 
usage,  and  the  average  man-hours  required  per  maintenance  action. 

8.  DATA  PROCESSING 

The  large  volume  of  data  involved  in  this  study  (over  1,060,000  lines 
of  data)  required  substantial  electronic  data  processing.  All  data 
processing  was  conducted  at  Aberdeen  Proving  Ground  using  the  Ballistic 
Research  Laboratories  Electronic  Scientific  computers  (BRLESC  I and  II) 
and  the  UN  I VAC  1108  computer.  The  programs  utilized  in  the  study  were 
written  in  FORTRAN,  FORAST,  OMNITAB  II,  and  BRLESC  Assembly  Language. 

The  flowchart  shown  on  Figure  8.1  represents  the  major  programs,  the 
input  and  output  relations,  the  large  printouts  generated,  and  the 
manual  operations  directly  related  to  the  automated  processing  in  the 
study.  It  should  be  mentioned  here  that  it  is  the  intention  of  the 
authors  to  provide  the  reader  with  an  overall  view  of  the  computer 
programming  effort  required  for  this  study.  The  details  of  the  computer 
programs  are  documented  in  BELBOT  (1975). 

The  TAERS  data  utilized  in  this  study  were  received  from  the  U S 
Army  Maintenance  Management  Center  (AMMC)  on  magnetic  computer  tape  in 
IBM  bit  code.  The  18  data  tapes  received  had  to  be  translated  to  BRLESC 
bit  code  and  reformatted  to  TAERS  format  after  translation.  Each  of  the 
tapes  were  then  decoded  into  a more  readable,  columnarized,  and  labelled 
form  written  on  output  tapes  from  which  a paper  copy  was  printed.  These 
decoded  tapes  were  then  screened  for  errors. 

The  screening  and  correction  of  the  basic  data  involved  nine 
programs.  The  lines  of  each  vehicle  history  were  placed  in  order  of 
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date  and  the  mileage  sequences  were  checked.  A history  with  a single 
mileage  discrepancy  was  corrected  by  replacing  the  mileage  entry  in 
question  by  the  mean  of  the  prior  and  subsequent  mileage  entries.  Two 
or  more  mileage  discrepancies  caused  the  vehicle  under  examination  to 
be  deleted  from  further  consideration  in  the  study.  The  data  were _ 
subsequently  screened  for  large  gaps  between  reporting  dates  (missing 
quarters)  and  only  that  portion  of  each  history  free  of  intermittent 
reporting  was  accepted  for  use.  The  proper  functioning  of  this  phase 
of  the  correction  process  was  then  verified  by  a separate  computer 
program.  The  quantities  of  parts  replaced  were  checked  and  vehicle 
histories  with  errors  were  marked  for  deletion.  Additionally,  the 
vehicle  histories  were  manually  examined  for  those  infrequently  occur- 
ring errors  which  are  not  readily  detected  by  computer.  A list  of 
vehicles  with  errors  was  prepared,  and  these  histories  were  removed 
from  the  data  tapes. 

From  each  tape,  a list  of  replacement  parts  with  distinct  FSN's 
was  accumulated,  sorted,  and  placed  in  a separate  tape  file.  The 
resulting  files  were  then  merged  to  form  a combined  parts  list.  To 
obtain  part  costs  and  correct  nomenclature,  TACOM  was  provided  with 
three  distinct  listings  of  the  parts,  sorted  by  FSN,  sorted  by  FI IN 
(last  seven  digits  of  the  FSN),  and  sorted  alphabetically.  The  parts 
list  was  also  used  to  search  the  Army  Master  Data  File  (AMDF)  for  cost 
and  nomenclature  information. 

The  processing  of  the  data  included  the  determination  of  the  follow- 
ing: the  usage  rate  of  each  vehicle;  the  mileage  interval  covered  by 
each  vehicle;  the  average  number  of,  and  man-hours  expended  for  each 
maintenance  action;  the  rate  of  unscheduled  maintenance  actions;  the 
total  frequency  of  each  part  replaced;  the  identification  of  vehicles 
requiring  replacement  of  major  components,  and  the  cost  of  maintenance 
by  100  mile  intervals.  Additionally,  a weighted  polynomial  regression 
curve  fitting  procedure  was  applied  to  the  cost  data,  and  the  minimum 
value  of  average  system  cost  function  was  determined. 

The  automated  portion  of  this  study  required  the  usage  of  over 
200  reels  of  magnetic  tape  and  of  approximately  15,000  computer  punch 
cards,  and  resulted  in  the  generation  of  over  25  linear  feet  of 
computer  printout. 

9.  COST  ANALYSIS 

As  noted  earlier,  the  object  of  the  cost  analysis  was  to  determine 
how  the  maintenance  costs  were  varying  as  the  truck  mileage  was ^ 
increasing  in  order  that  the  average  system  cost  could  be  minimized. 
Thus,  all  the  maintenance  actions  occurring  with  the  8,345  trucks  in 
the  study  were  costed  in  constant  FY  75  dollars  (parts  and  labor)  as  a 
function  of  mileage.  See  Table  9.1  for  a summary  of  the  costs  as  a 
function  of  mileage  (in  1000  mile  intervals)  for  mileages  from  0 to 
72,000  miles. 
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TABLE  9.1  COST  OATA  FOR  THE  M151A1  1/4  TON  UTILITY  TRUCK 
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The  methodology  employed  in  the  analysis  of  these  data  involved  the 
determination  of  a continuous  instantaneous  maintenance  cost  curve 
(the  instantaneous  maintenance  cost  refers  to  the  maintenance  cost  per 
mile  at  a particular  mileage).  This  curve  was  used  to  obtain  the 
cumulative  maintenance  cost  curve  and  an  average  system  cost  curve  (the 
system  cost  refers  to  all  those  costs  associated  with  the  procurement, 
shipment  and  maintenance  of  a vehicle  including  such  costs  as  the 
vehicle's  acquisition  price,  administrative  expenses  sustained,  tooling 
costs,  first  and  second  destination  charges,  and  maintenance  costs). 

From  the  average  system  cost  curve,  the  mileage  at  which  the  average 
system  cost  is  at  a minimum  can  be  determined,  which  represents  the 
point  where  the  overall  average  cost  to  the  Army  to  procure,  ship,  and 
maintain  the  vehicle  fleet  is  at  a minimum. 

In  determining  the  continuous  maintenance  cost  curve,  it  was  necessary 
to  conduct  two  separate  cost  analyses.  This  was  due  to  the  increasing 
rate  of  engine  replacements  as  the  vehicle  mileage  increased  and  to 
their  high  costs  relative  to  the  other  maintenance  action  costs. 
Consequently,  a continuous  instantaneous  maintenance  cost  curve  was 
determined  for  all  maintenance  actions  excluding  engine  replacements 
and  a similar  cost  curve  for  engine  replacement  actions  only  was  also 
determined.  From  these  two  curves,  the  continuous  instantaneous  mainten- 
ance cost  curve  was  generated. 

In  the  analysis  of  the  average  maintenance  cost  data  excluding  engine 
replacement  costs,  weighted  regression  analysis  techniques  were  applied. 

No  significant  regression  fit  was  found  to  represent  the  data  as  a 
function  of  the  independent  variable  (mileage)  beginning  at  1000  miles 
and  therefore  the  cost  function  was  considered  a constant  for  the  mile- 
age interval  1000  through  72,000  miles.  The  constant  determined  was 
.053  dollars  per  mile  (See  Figure  9.1).  The  average  maintenance  cost 
data  for  the  0-1000  mile  interval  were  subsequently  considered  in  deter- 
mining the  constant  for  the  cumulative  maintenance  cost  curve. 

In  the  analysis  of  the  engine  replacement  actions,  a weighted 
regression  analysis  of  the  engine  replacement  rates  determined  that  a 
quadratic  function  was  found  best  to  represent  the  data.  Utilizing 
an  average  engine  cost  of  $901,  the  following  instantaneous  engine 
replacement  cost  curve  was  obtained: 

f(x)  = .0012  + .000070  X + .0000047  x^ 
where 

f(x)  = instantaneous  engine  replacement  cost  (dollars  per  mile) 

X = mileage  (1000' s) 

Utilizing  the  above  function  and  the  constant  cost  ($.053/mile) , the 
following  instantaneous  maintenance  cost  curve  (See  Figure  9.1)  was 
determined: 
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FIGURE  9.1 
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f(x)  = .054  + .000070  X + .0000047  x^ 
where 

f(x)  = instantaneous  maintenance  cost  (dollars  per  mile) 

X = mileage  (1000 ’s)  ^1 

From  the  continuous  instantaneous  maintenance  cost  curve,  the  cumulative 
cost  curve  was  obtained.  However,  as  previously  noted,  the  average 
maintenance  cost  excluding  engine  replacement  costs  for  the  0-1000  mile 
interval  was  considered  in  determining  the  constant  for  this  function. 
The  function  determined  (See  Figure  9.2)  was: 

F(x)  = 41 .72  + 54.01  x + .0350  )? 

+ .00158  x^ 


where 

F(x)  = cumulative  maintenance  cost  (FY  75  dollars) 

X = mileage  (1000‘s)  ^ 1 

The  results  of  the  above  analyses  revealed  the  following: 

1.  The  instantaneous  maintenance  cost  (the  maintenance  cost  per 
mile  at  a specific  mileage)  when  excluding  engine  costs  was  found  not 
to  change  (5.3(i  per  mile)  as  the  vehicle  accumulated  72,000  miles. 

2.  The  instantaneous  maintenance  cost  attributed  to  engine  replace- 
ment costs  was  found  to  be  increasing  with  increasing  vehicle  usage.  For 
example,  the  instantaneous  maintenance  cost  attributed  to  engine  replace- 
ments was  found  to  be  increasing  from  0.2<t:  per  mile  at  1000  miles  to 
3.0(i  per  mile  at  72,000  miles.  It  should  be  noted  that  the  engine  costs 
presented  are  based  on  replacing  the  engine  with  a new  engine  whereas 

it  is  known  that  part  of  the  time  the  engine  is  replaced  with  an  over- 
hauled engine  which  may  be  less  costly  than  a new  engine.  This  was  done 
in  order  to  provide  a conservative  or  worst  case  cost  portrayal. 

3.  The  overall  instantaneous  maintenance  costs  associated  with  all 
parts  including  the  engine  was  thus  also  found  to  be  increasing  with 
increasing  vehicle  usage.  For  example,  the  average  cost  per  truck 

was  found  to  be  increasing  from  5.5(i  per  mile  at  1 ,000  miles  to  8.3<t:  per 
mile  at  72,000  miles. 

4.  From  a cumulative  cost  standpoint  (See  Figure  9.2),  it  is  shown 
that  the  average  1/4  ton  truck  will  sustain  a maintenance  cost  of  $4,700 
over  72,000  miles  of  usage. 
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As  stated  earlier,  the  primary  objective  of  this  cost  analysis  was  to 
determine  the  mileage  at  which  the  overall  system  cost  to  the  Army  is  at  a 
minimum;  i.e.,  the  costs  associated  with  procuring,  shipping,  and  maintain- 
ing the  truck  are  minimized.  Utilizing  the  cumulative  maintenance  cost 
curve  developed  and  the  truck  roll  away  cost  (includes  acquisition  costs, 
engineering  and  tooling  costs,  administrative  costs,  first  destination 
charge  and  applicable  second  destination  charge)  of  $6,500,  an  average 
system  cost  as  a function  of  mileage  was  determined.  A plot  of  the 
average  system  cost  as  a function  of  mileage  is  shown  on  Figure  9.3. 

As  noted  on  this  figure,  the  minimum  of  the  average  system  cost  is 
indicated  to  be  beyond  72,000  miles  although  at  this  mileage  the  average 
system  cost  is  found  to  be  near  its  minimum.  For  example,  at  72,000 
miles,  the  average  system  cost  is  noted  to  be  decreasing  by  less  than 
0.5(t  per  mile  for  each  additional  1000  miles  of  usage  (through  an  extra- 
polated 80,000  miles  of  usage).  Based  on  these  results,  the  economic 
life  of  these  trucks  was  considered  to  be  72,000  miles  (See  Appendix 
for  assumptions  related  to  the  economic  replacement  policy). 

10.  PERFORMANCE  ANALYSIS 

10.1  Unscheduled  Maintenance  Action  Analysis 

As  indicated  earlier,  in  place  of  a reliability  failure  analysis, 
an  analysis  of  all  unscheduled  maintenance  actions  was  carried  out  due 
to  the  difficulty  in  determining  if  an  unscheduled  maintenance  action 
was  in  fact  a reliability  failure.  In  analyzing  the  unscheduled  mainten- 
ance actions,  utilizing  weighted  regression  techniques,  a quadratic 
function  ms  found  to  represent  best  the  system  unscheduled  maintenance 
action  rate  as  a function  of  vehicle  mileage.  The  rate  function 
determined  was: 

r(x)  = 0.953  - .0115  x + .000108  x^ 
where 

X = mileage  (lOOO's) 

Since  it  is  assumed  that  this  system  is  a repairable  system,  the 
probability  that  a vehicle  will  have  an  unscheduled  maintenance  action 
at  mileage  x is  independent  of  the  unscheduled  maintenance  action 
history  of  the  vehicle  prior  to  x. 

From  this  function,  the  probability  that  a vehicle  with  mileage  x 
will  complete  an  additional  s miles  without  undergoing  an  unscheduled 
maintenance  action  (as  determined  by  a non-homogeneous  Poisson  process) 

x+s  X 

P(s/x)  = a'l 

X+S  X 

where  J r(x)dx  - Jr(x)dx  is  the  expected  number  of  unscheduled  mainten- 
0 0 

ance  actions  for  a vehicle  during  the  mileage  interval  (x,  x+s). 
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FIGUR£  9.3 


The  results  of  this  analysis  are  on  Figure  10.1.  Indicated  are  the 
expected  number  of  unscheduled  maintenance  actions  for  the  next  1000 
miles  and  the  probability  of  completing  75  miles  without  an  unscheduled 
maintenance  action  from  0 to  72,000  miles.  As  can  be  readily  observed 
from  this  figure,  there  is  no  appreciable  change  in  these  parameters 
as  the  vehicle  is  increasing  in  mileage  through  72,000  miles.  The 
average  probability  of  completing  75  miles  without  requiring  an^ 
unscheduled  maintenance  action  over  the  0-72,000  mile  interval  is  .95. 

10,2  Inherent  Readiness  Analysis 

As  with  a reliability  analysis,  the  determination  of  availability 
is  normally  based  on  failure  data.  For  example.  Inherent  Availability 
(A^. ) is  normally  defined  as: 


^i  MTBF  + MTTR 

where  MTBF  is  the  mean  time  between  failures  and  MTTR  is  the  mean  time 
to  repair. 

As  noted  in  previous  sections  of  this  report,  unscheduled 
maintenance  actions  rather  than  failure  data  were  available.  Further, 
the  TAERS  data  provided  information  on  the  mean  man-hours  to  repair 
rather  than  the  mean  time  to  repair.  The  mean  time  to  repair  for  a 
particular  maintenance  action  could  be  less  than  the  man-hours  involved 
if  two  or  more  mechanics  worked  on  the  action.  To  utilize  these  data, 
however,  to  obtain  an  estimate  of  an  availability  statistic,  one  can 
determine  the  probability  of  a truck  not  undergoing  active  repair  due 
to  any  unscheduled  maintenance  action  when  called  upon  to  operate  at  a 
random  point  in  time  (Inherent  Readiness)  and  this  is  given  by  the 
following  expression: 

D _ MTBUMA 
•^i  MTBUMA  + MMHTR 

where  MTBUMA  is  the  mean  time  between  unscheduled  maintenance  actions 
(assuming  an  average  speed  of  20  mph)  and  MMHTR  is  the  mean  man-hours 
to  repair.  It  should  be  noted  that  the  Inherent  Readiness  parameter  is 
a lower  bound  on  an  Inherent  Availability  value,  i.e.,  if  all 
unscheduled  maintenance  actions  were  reliability  failures  and  if  no  more 
than  one  mechanic  ever  worked  on  a maintenance  action  then  the  mean 
man-hours  to  repair  would  be  equivalent  to  the  mean  time  to  repair  and 


The  results  of  this  analysis  are  shown  on  Figure  10.2.  Indicated 
on  this  figure  are  the  mean  miles  between  unscheduled  maintenance  actions 
(MMBUMA)  and  Inherent  Readiness  (R,j)  values  for  M151A1  1/4  ton  trucks 

through  72,000  miles  of  usage.  As  can  be  readily  observed  on  this 
figure,  no  appreciable  degradation  in  the  R^  value  has  occurred  as  the 
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MILEAGE  (1000' S) 


1/4  ton  truck  increased  in  mileage  through  72,000  miles  of  usage.  One 
interesting  sidelight  noted  on  Figure  10.2  is  that  the  lowest  MMBUMA  and 
values  occur  during  early  life  of  the  truck.  This,  however,  is 

probably  due  to  quality  control  problems  that  generally  occur  with  a new 
vehicle.  In  summary,  it  is  noted  that  over  the  72,000  miles  studied, 
the  overall  MMBUMA  and  R^.  values  are  1370  and  .97,  respectively. 

The  Inherent  Readiness  parameter  discussed  above  is  noted  to  be 
the  probability  that  the  truck  is  not  undergoing  active  repair  due  to  an 
unscheduled  maintenance  action  when  called  upon  to  operate  at  any  point 
in  time.  This  parameter,  thus,  does  not  include  vehicle  logistic  down- 
time, i.e.,  downtime  associated  with  obtaining  and  waiting  for  parts. 

This  was  not  included  in  the  study  as  it  was  not  readily  available  in 
the  TAERS  data.  In  comparing  the  Inherent  Readiness  estimates  with 
similar  estimates  obtained  from  a recent  DARCOM  Materiel  Readiness 
Report,  the  R.  value  compared  favorably  with  the  DARCOM  Readiness  Report 
value.  For  example,  the  R.  value  of  .97  as  obtained  in  this  study  converts 
to  a .98  value  when  transforming  the  man-hour  indications  to  clock-hour 
indications  (a  conversion  factor  of  1.8  man-hours  = 1 clock  hour  is  used). 
This  .98  readiness  value  is  thus  determined  to  be  essentially  the  same 
as  the  DARCOM  Readiness  Report  value  of  .97.  The  DARCOM  report  further 
notes  that  when  logistic  downtime  is  considered  in  the  availability 
parameter,  the  availability  of  this  vehicle  is  indicated  to  be  .92. 

10.3  Maintainability  Analysis 

The  object  of  this  analysis  was  to  determine  if  the  man-hours 
required  for  maintenance  were  changing  as  the  truck  increased  in  mileage. 

In  addition,  a parts  replacement  analysis  was  conducted.  This  latter 
analysis  consisted  of  the  following:  (1)  major  component  replacements 
as  a function  of  mileage  (engine,  transmission,  differential  and 
generator),  (2)  high  cost  parts'  (in  excess  of  $100.00)  replacements, 

(3)  ten  most  frequently  replaced  parts  and  (4)  determination  of  the 
number  of  replacements  for  all  vehicle  parts. 

Shown  on  Table  10.1  is  a summary  of  the  man-hour  data  obtained 
for  the  trucks  included  in  the  study.  Of  particular  interest  in  this 
table  is  the  average  man-hours  required  per  truck  per  1000  miles,  the 
average  man-hours  required  per  maintenance  action  and  the  maintenance 
support  index  (number  of  maintenance  man-hours  required  per  hour  of 
truck  operation);  all  reported  by  1000  mile  intervals  through  72,000 
miles  of  usage. 

As  can  be  readily  observed  on  Table  10.1,  the  average  mainten- 
ance man-hours  required  per  truck  per  1000  miles  (and  subsequently  the 
maintenance  support  index)  was  noted  to  be  at  its  highest  during  the 
initial  1000  miles  of  usage  (11.8  and  .24,  respectively).  This  is 
believed  due  to  two  primary  reasons:  (1)  the  relatively  large  number 
of  man-hours  associated  with  the  processing-in  of  a new  vehicle  and 
(2)  initial  quality  control  problems  that  occur  with  a new  vehicle. 
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TABLE  10.1  MAINTAINABILITY  DATA  FOR  M151A1  1/4  TON  UTILITY  TRUCK 
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However,  the  maintenance  man-hours  required  are  noted  to  decrease  from 
the  levels  obtained  during  the  initial  1000  miles  of  usage  to  near  5.0 
man-hours  during  the  second  1000  mile  interval  with  the  number  of  man-hours 
required  for  maintenance  remaining  relatively  stable  near  5.0  man-hours 
through  72,000  miles  of  usage.  Thus,  over  72,000  miles  of  usage,  the 
average  man-hours  required  for  maintenance  per  truck  per  1000  miles  was 
5.1  man-hours  with  the  average  maintenance  support  index  being  .10. 

In  analyzing  the  average  man-hours  required  per  maintenance  action, 
it  was  noted  that  the  average  truck  required  maintenance  on  an  unscheduled 
basis  an  average  of  52.6  times  over  72,000  miles  and  during  each  of  these 
maintenance  stops  the  truck  had  on  the  average  1.6  different  components 
repaired,  replaced  or  adjusted.  The  number  of  man-hours  utilized  for  each 
of  these  components  averaged  1.8  man-hours  with  a total  of  2.9  man-hours 
thus  required  for  each  maintenance  stop.  Shown  on  Table  10.1  are  the 
maintenance  man-hours  required  for  each  maintenance  action  by  1000  mile 
interval s . 

As  noted  above,  an  analysis  of  major  component  replacements 
(engine,  transmission,  differential  and  generator)  was  conducted.  This 
analysis  consisted  of  determining  for  these  components,  the  number  and 
percent  replaced  by  increasing  1000  mile  intervals  (See  Table  10.2).  The 
object  of  this  analysis  was  to  determine  if  any  of  these  major  components 
exhibited  wearout  characteristics  at  a particular  mileage  or  mileage 
interval.  The  results  of  this  analysis  indicated  that  the  engine  was  the 
only  major  component  to  exhibit  wearout  characteristics  with  increasing 
mileage  of  the  vehicle.  Shown  on  Figure  10.3  is  a plot  of  the  cumulative 
number  of  engine  replacements  that  may  be  expected  with  the  1/4  ton 
truck.  This  plot  shows  that  over  a 72,000  mile  period,  the  average  1/4 
ton  truck  will  have  sustained  one  engine  replacement.  Although  the  other 
major  components  studied  (transmission,  differential  and  generator)  did 
not  reveal  a wearout  process,  it  was  found  that  there  was  somewhat  of  a 
consistent  replacement  problem  with  these  components  throughout  their 
life  (See  Table  10.2).  For  example,  the  average  1/4  ton  truck  will  sustain 
1.4  transmission  replacements,  1.2  differential  replacements  and  0.9 
generator  replacements  over  a 72,000  mile  interval. 

In  further  analysis  of  parts  replacements,  a study  of  the  high 
cost  parts  (in  excess  of  $100.00)  replacements  was  made.  This  analysis 
consisted  of  determining  the  number  of  replacements  for  all  high  cost 
components  contained  in  the  truck  on  an  overall  basis  as  well  as  by 
increasing  10,000  mile  intervals  (See  Table  10.3).  The  object  of  this 
analysis  was  to  determine  which  high  cost  components  were  being  replaced 
most  frequently  and  at  what  mileage  intervals  did  these  replacements 
occur.  The  results  of  this  analysis  indicated  that  the  differential, 
generator  and  transmission  gear/assembly  were  the  most  frequently  replaced 
high  cost  components.  The  results  further  showed  that  relatively  high 
replacements  of  these  components  occurred  throughout  the  life  of  these 
components . 
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TABLE  10.2  major  COMPONENT  REPLACEMENTS  FOR  M151A1  1/4  TON  UTILITY  TRUCK 
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MILEAGE  (1000' S 


TABLE  10.3  HIGH  COST  PART  REPLACEMENTS  FOR  M151A1  1/4  TON  UTILITY  TRUCK 
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As  indicated  above,  the  parts  analysis  also  included  a determina- 
tion of  the  ten  most  frequently  replaced  components  in  these  trucks  (see 
Table  10.4).  As  noted  on  these  tables,  the  ten  most  frequently  replaced 
components  are  shown  by  10,000  mile  intervals  as  well  as  on  an  overall 
basis.  This  is  done  in  order  to  determine  if  the  components  being 
replaced  in  the  initial  10,000  mile  interval  are  also  being  replaced  in 
subsequent  10,000  mile  intervals.  For  example,  the  carburetor,  battery 
and  wheel  bearings  were  on  an  overall  basis  the  three  most  frequently 
replaced  components.  The  components  were  also  noted  to  be  among  the 
most  frequently  replaced  in  almost  every  10,000  mile  interval . Also 
noted  on  these  tables,  alongside  the  replaced  part,  is  the  actual  number 
of  parts  that  were  replaced.  This  value  may  be  compared  to  the  total 
vehicle  mileage  in  the  interval,  shown  on  the  bottom  of  the  table,  so 
that  the  significiance  of  the  value  can  be  determined.  In  addition  to 
this  list  of  ten  most  frequently  replaced  parts,  a list  of  the  number 
of  replacements  for  all  components  of  the  trucks  included  in  the  study 
is  being  compiled  and  will  be  published  in  a later  report. 

11.  PROFILE  OF  AN  AVERAGE  M151A1  1/4  TON  TRUCK 

The  average  M151A1  1/4  ton  truck  during  the  initial  72,000  miles  of 
usage  will  sustain  a total  maintenance  cost  (for  both  scheduled  and 
unscheduled  maintenance)  of  $4700  or  an  average  maintenance  cost  of 
6.5(i  per  mile.  The  average  maintenance  cost  will  be  noted  to  be  increas- 
ing during  the  initial  72,000  miles  from  5.4(t  per  mile  at  1000  miles  to 
8.3(t  per  mile  at  72,000  miles.  It  was  noted  that  the  increasing  cost 
per  mile  was  entirely  due  to  increased  costs  associated  with  engine 
replacements. 

During  the  72,000  miles  of  usage,  the  average  truck  will  have 
52.6  UMA's  with  the  mean  miles  between  UMA  of  1370  miles.  When  the 
1/4  ton  truck  is  in  the  maintenance  shop  for  a UMA,  on  the  average  1.6 
different  parts  will  be  repaired,  replaced  or  adjusted.  During  the 
average  UMA  1.8  man-hours  will  be  expended  for  each  part  worked  on  and 
thus  a total  of  2.9  man-hours  will  be  expended  during  an  average  UMA. 

For  each  1000  miles  of  usage,  an  average  of  5.1  man-hours  of 
maintenance  (scheduled  and  unscheduled)  are  required.  Of  these  man- 
hours, 3.0  man-hours  are  for  scheduled  maintenance  and  2.1  man-hours 
are  for  unscheduled  maintenance.  For  every  hour  of  truck  operation 
(assuming  an  average  speed  of  20  mph),  the  1/4  ton  truck  on  the  average 
requires  .10  man-hours  of  maintenance. 

During  72,000  miles  of  usage,  the  major  components  of  the 
average  truck  will  have  exhibited  the  following:  (1)  the  engine  will 
have  been  replaced  1.0  times,  (2)  the  transmission  will  have  been 
replaced  1.4  times,  (3)  the  differential  will  have  been  replaced  1.2 
times  and  (4)  the  generator  will  have  been  replaced  0.9  times. 
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TABLE  10.4  TEN  MOST  FREQUENTLY  REPLACED  PARTS  FOR  M151A1  1/4  TON  UTILITY  TRUCK 
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50-60  0.64 
OVER  70  0.09 
OVERALL  84.16 


From  an  availability  and  reliability  standpoint,  there  is  a 
.97  probability  that  the  average  truck  will  not  be  undergoing  active 
repair  due  to  a UMA  at  any  point  in  time  and  a .95  probability  that  the 
truck  will  complete  a random  75  miles  without  a UMA. 

12.  COMPARISON  OF  TAERS  AND  SDC  DATA 

The  principal  data  sources  being  used  in  this  study,  as  indicated 
in  paragraph  3,  were  the  TAERS  and  Sample  Data  Collection  (SDC)  systems. 

As  noted  throughout  this  report,  the  TAERS  data  for  8,345  vehicles  was 
the  primary  data  source  from  which  the  useful  life  of  the  1/4  ton  truck 
was  determined.  This  was  done  because  the  TAERS  data  were  collected  over 
a five  year  period  for  a large  number  of  vehicles  with  many  of  these 
vehicles  accumulating  substantial  mileage  during  this  time  frame.  The 
SDC  data,  although  being  data  of  a later  vintage  (1972-75)  contained 
substantially  fewer  vehicles  with  much  less  mileage  accumulation.  The 
SDC  vehicles,  however,  were  useful  for  providing  some  confirmation  of 
the  results  obtained  from  the  screened  TAERS  data.  As  a result,  a comparison 
of  certain  key  parameters  obtained  from  TAERS  and  SDC  was  made.  A 
summary  of  these  comparisons  is  shown  on  Table  12.1.  As  noted  on  this 
table,  the  data  generated  from  the  analysis  of  the  M151A1  1/4  ton  TAERS 
data  are  compared  with  similar  M151A1  data  generated  from  the  SDC  program. 

In  addition,  M151A2  1/4  ton  truck  data  obtained  from  SDC  program  are 
also  shown.  As  seen  in  this  table  the  screened  TAERS  data  compare 
favorably  with  the  SDC  data. 

TABLE  12.1  TAERS  VS.  SDC 


TAERS  (Al)* 

Parameter 

SDC** 

Al 

A2 

6.5i 

Maint.  Cost  Per  Mile 

SM 

4.9i 

1370 

MMBUMA 

1018 

1288 

.97 

Inherent  Readiness 

.97 

.98 

5.1 

Manhours/1000  Miles 

4.0 

3.3 

.10 

Maint.  Support  Index 

.08 

.07 

*TAERS  data 

from  AMSAA  Vehicle  Average  Useful 

Life  Study 

**SDC  data 

from  AMMC  Final  Summary  Report  for 

■ Period  1 

Feb 

31  Jan  75 


36 


APPENDIX 


General  Weighted  Multiple  Linear  Regression 


Linder  this  analysis  the  data  are  considered  to  consist  of  k 
ordered  (r+2)  “ tuples  (y-j  jn-i  jX-ii  jXi2 • • • >^1^)  j (y2>^2’^21  *^22 
X23,....X2^),...,  (yk’'^k’^kr^k2’^k3 ^kr^  where  y^.  is  the  i-th 

observation  of  the  dependent  variable  (the  variable  to  be  predicted), 
n-  is  the  sample  size  for  the  i-th  observation,  and  x. • is  the  i-th 

observation  for  the  j-th  independent  variable  (variables  to  be  used  for 

future  predictions)  i=l,2,3 k and  j=l,2,3 r.  It  is  assumed  that 

the  dependent  variable  y^  can  be  expressed  as  a linear  function  of  the 


x^.j  plus  a random  variable  . Thus,  the  model  is 
^i  ""  V^il  ^■^^i2  V’”'^^irV^” 


However,  since  the  precision  of  the  i-th  observation  is  dependent  upon  its 
sample  size  n^ , a transformation  of  the  data  is  necessary  to  remove  this 

dependency  and  obtain  equality  of  variances.  The  model  then  becomes 


y*  = 


10  0 


^i2"2 


.+x,//ei 


where  = '^h^.y . 


★ 


X 


ij 


/tliX, 


or  in  matrix  notation 


y = X3  + e 


(1) 
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where 

* 

^1 

®i 

* 

^2 

®2 

~ 

- 

y = 

• 

3 = 

• 

e = 

• 

* 

3 

r 

®k 

★ * ★ 
^10  ^12 


* * * 
X20  ><21  ^22 


X = 


* * * y 

^ko  ^kl  ^k2  ••■  kr 

The  e-  are  assumed  to  be  uncorrelated  (E(e.e.)  = 0 for  i ^ j)  and 

1 ^ • 2 
normally  distributed  random  variables  with  mean  zero  and  variance  a . 
The  independent  variables  are  assumed  to  be  controlled  or  measured 
accurately  and  are  therefore  relatively  free  of  error.  The  unknown 
parameters  in  the  model  3q,  3i , 32 3^  are  estimated  by  the  method 

of  least  squares.  Let  b = (b^,  b^ , b2 b^)'''  be  the  column  vector 

of  the  required  estimates,  then  these  estimates  have  the  property  that 
they  minimize  the  expression 


or  in  matrix  notation 

s = II  ;-xb  ||2 


(2) 


where  llv|l  denotes  the  norm  of  the  vector  v. 
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In  order  to  find  the  required  estimates  of  B2  “ 0,1 ,2, . . . ,r) , we  set 
the  partial  derivates  of  S with  respect  to  bv  equal  to  zero. 


k * r * 

-2  I (y-  I x-b.)x. 
i=l  ^ j=0  ^ 


= 0 


or  Kr**  ^ * 

ifi 

These  r+1  simultaneous  equations  corresponding  to  v = 0,1,2,.. ..r  are 
called  the  normal  equations  in  regression  analysis.  In  matrix  notation 
the  normal  equations  may  be  written. 


T~~  -T- 

x‘Xb  = X'y 


where  X^ 


IS 


the  transpose  of  X. 


(3) 


Let  (X^X)  = 


00 

^01 

C02 

^Or 

10 

^11 

c*!  2 • " • 

• • • ■ 

^Ir 

• 

Vo 

^rl 

■ m m m 

• m • m 

Cr2  ... 

• 

• 

"rr 

be  the  inverse  of  the  matrix  X^X.  Then  the  required  estimate  of  B 
given  by 


is 

(4) 


Since  the  b^.  (j  = 0,l,2,...,r)  are  only  estimates  of  the  unknown  constants 
Bj,  computed  from  the  observed  data,  they  are  subject  to  variation  if  a 
new  set  of  data  became  available  and  the  same  procedure  was  applied  to 
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this  data.  Then  the  b.  are  random  variables  and  it  can  be  shown  that  the 
mean  or  expected  value  of  b.  is  equal  to  g.,  i.e.,  E(b.)  = g..  Estimates 
of  the  standard  deviation  of  b-  are  obtained  as  follows: 


s 


s /c 


00 


(5) 


s 


= s 


/c 


11 


where 


s 


k-r-1 


^y^y-bX^y^ 


(6) 


Linder  the  assumptions  made  for  the  regression  model,  (b.-3-)/Su  has  the 

J J Dj 

Student's  t-distribution  with  k-r-1  degrees  of  freedom.  This  fact  can 
be  used  to  construct  a confidence  interval  estimate  of  the  unknown 
parameter  3..  Then 

J 


b .+t  s. 

J-  1 “ I n b. 

J 


(7) 


is  a (1-a)  100%  confidence  interval  for  g. , where  t is  the 

J 1-  f,  k-r-1 

CL 

1-  2 percentile  of  the  Student's  t-distribution  with  k-r-1  degrees  of 

freedom^.  The  interpretation  of  this  interval  is  that  if  intervals  of 
this  type  are  repeatedly  constructed  following  this  procedure,  (1-a) 

100%  of  these  intervals  will  contain  the  population  parameter  g.  being 

\J 

estimated.  This  confidence  interval  can  also  be  used  to  test  the 

hypothesis  that  g.  = g^  where  g^  is  a given  constant.  If  the  interval 
^ 0 

obtained  from  Equation  (7)  contains  g , then  we  would  accept  the 

hypothesis  = (P . If  the  interval  does  not  contain  g®,  then  we 

would  reject  this  hypothesis.  This  test  criterion  has  the  property  that 

if  g-  actually  equals  g®  then  the  probability  that  the  hypothesis 
0 

Hq:  gj  = g will  be  rejected  is  equal  to  a (assuming  a (1-a)  100% 

confidence  interval)  and  the  probability  that  H:  g.  = g®  ^^^11  [^g 

J 
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rejected  if  3^  equals  any  other  given  number  can  be  computed  using  the 

non-central  t-distribution^.  An  important  special  case  is  that  of  the 
null  hypothesis,  i.e.,  Hq  = 3^.  = 0.  If  based  on  a test  of  significance 

Hq:  3j  = 0 is  accepted,  3j  might  be  considered  to  be  dropped  from  the 

model  since  it  does  not  appear  to  be  making  a significant  contribution 
to  the  estimation  of  the  dependent  variable. 

Under  the  original  model,  the  mean  or  expected  value  of  y for 
a given  value  of  (x-j  ,X2 x^)  is 

E(y)  — 3g+3.|  x.|  + 32X2"^  • • •'^3^x^ 

where  3^,  3,,  3^ 3 are  the  unknown  parameters  to  be  estimated. 

Thus,  0,  I ^ r 

^ = bQ+b.|X.|+b2X2+...+  b^x^  (8) 

gives  an  estimate  of  the  mean  value  of  y for  a given  value  of  (Xi,X2,..-> 


Assumptions  for  Economic  Replacement  Policy 

The  methodology  utilized  in  the  cost  analysis  assumes  the 
existence  of  a relative  equality  of  certain  measurable  parameters. 
Specifically,  it  is  assumed  that  an  equality  of  economic  benefits  derived 
from  performance  parameters  exists  throughout  the  economic  or  useful 
life  of  the  vehicle.  Thus,  the  useful  life  of  the  vehicle  is  determined 
by  minimizing  a cost  function  with  respect  to  mileage  rather  than  maximiz- 
ing a benefit  cost  function.  Also,  since  there  exists  a functional 
relationship  between  factor  or  investment  price  and  amount  or  quantity 
demanded,  there  is  an  implied  assumption  of  relative  equality  of  demand 
for  the  item  over  the  duration  of  the  replacement  interval.  This  would 
ensure  that  both  fixed  and  variable  cost  factors  would  be  of  a continuous 
nature  over  the  economic  life.  Finally,  it  should  be  noted  that  this 
methodology  is  applicable  for  continuous  replacement  with  vehicles  hav- 
ing similar  costs  or  variable  and  fixed  cost  factors  that  remain  in 
proportion.  Proportionate  changes  of  these  cost  factors  over  yearly 
intervals  will  shift  the  cost  axis  but  will  not  affect  the  mileage 
criterion. 


Next  page  is  blank. 
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